
AD-A250 036

MEMORANDUM REPORT BRL-MR-3972

A TAXONOMY FOR THE
VULNERABILITY/LETHALITY

ANALYSIS PROCESS

J. TERRENCE KLOPCIC
MICHAEL W. STARKS Dl
JAMES N. WALBERT TIC

EBLECTE

MAY15 199
MAY 1992 S 9  P

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION IS UNLIMITED.

U.S. ARMY LABORATORY COMMAND

BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

92-12884
92 5 04" 2



NOTICES

Destroy this report when it is no longer needed. DO NOT return it to the originator.

Additional copies of this report may be obtained from the National Technical Information Service,
U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.

The findings of this report are not to be construed as an official Department of the Army position,
unless so designated by other authorized documents.

The use of trade names or manufacturers' names in this report does not constitute indorsement
of any "commercial pioduct.



Form ApprovedREPORT DOCUMENTATION PG M o 7408

Ptibih 'eoo,nO bu4dfl to, this coIeclOt, Of fornation %t estn'atr to a.C'aqe I,~a iour oe sor ~ ri'ciu.ding the t."te tor , ew nst uctitttons. %errin "q Cst'fl data sources
gathering and mnamflrinq the data need. and compietrio and e ,rk-ng th~e coilectliof Of lnlO,.tln Senld CO Mments regarding this burden estimate or anv othter aspect of this
coltetnxon of ntntmatiofl nou.ding suggetion% tot reducino this oodden to vathngton Headquattef% Se-ces, ,rectorate to( information Operations and Reorts. 12 5 Jefferson
00,,i mtqt'ay, Suite 1204. Arleinn VA 22202-4302 and t te Officeof Managemsent and Budge!,. Paperwork Rkction Proect (004OtBB).Washnqton. DC 20503

1. AGENCY USE ONLY (Leave blank) 2. REPORT -DATE 3. REPORT TYPE AND DATES COVERED

May 1992 Final -1 October 1990 - 2 October 199
4. TITLE AND SUBTITLE S. FUNDING NUMBERS
A Taxonomy for the Vulnerability/Lethality Analysis 1L162618AH80
Process

6. AUTHOR(S)
J. Terrence Klopcic
Michael W. Starks
James N. Walbert

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/'MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
U.S. Army Ballistic Research Laboratory AGENCY REPORT NUMBER
ATTN: SLCBR-DD-TBR--37
Aberdeen Proving Ground, MD 21005-5066BL-R.37

1t. SUPPLEMENTARY NOTES

12a. DISTRIBUTION!/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)
An important aspect of the formulation of any scientific process is the definition
of the mathematical framework within which that process is considered. It is quite
common for analytical processes to evolve over a long period of time before the
underlying mathematics are fully understood and illuminated. This is the case with
Vulnerability/Lethality (V/L) analyses, long considered more an art than a science.
This paper defines a mathematical framework for V/L analyses, demonstrates how each
part of a well-known process fits into this framework, and to identify parts of
this analytical process which are in error and/or require additional research. It
is shown that this taxonomy allows a rational scientific approach to the V/L
analysis process.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Vulnerability Analysis Taxonomy 55
Vulnerability Methodology Vulnerability 16. PRICE CODE
V/L levels and Spaces__________

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFIED UNCLASSIFIZD UNCLASSIFIED SAR
NSN 1540-01 -280-5500 Standard Form 298 (Rev 2-89)

P,es(,bed by ANS) Std Z39- 18
298 102



I~rNTIoNALLY LEFr BLANK.



Contents

Acknowledgement vii

I. Introduction 1

11. Background 2

III. V/L Spaces and Mappings 5

A. V/L Levels and Spaces .. .. .. ... .... .... .... ... 5

B. Axioms and Definitions. .. .. .. .. ... ... ... ... ... 6

C. Example 3.1:. .. .. ... ... ... ... ... ... ... ... 8

D. Relationships Between Spaces at Different Levels. .. .. .... 10

a. Mappings .. .. .. .. ... ... .... .... 10

b. Repeated Mappings and Probability Distribu-
tions .. .. .. ... .... ... .... ..... 11

c. Non-invertibility. .. .. ... .... ...... 12

E. Impact of Cardinality .. .. .. ... ... .... .... ..... 13

IV. Relevance of the Taxonomy to the Vulnerability/Lethality
Analysis Process 14

A. Initial "Set-up" of'Problein. .. .. .. .. ... ... ... .... 14

B. Extraction of Resuilts for End-Uses .. .. ... .... ... ... 16

V. Conclusions and Recommrrendations 18

VI. DISTRIBUTION LIST .. .. ........ ......... 19

iII



This page intentionally left blank

iv



List of Figures

1 The Vulnerability/Lethality Process ................... 6

2 V/L Modeling in the Context of Item-Level Modeling ..... .. 17

3 V/L Modeling in the Context of Force-Level Modeling . . .. 17

Aooess3on For
NTIS QRA&I O"
DTIC TAB 3
Unannounced 3

Justification

- Distribution/

Availability Codes
Avail and/or

v Dist spec"i



This page intentionally left blank

VI



Acknowledgement

The authors would like to thank those who have participated in the numerous
discussions which led to this report. In particular, the insightful comments and
reviews of Dr. Paul Deitz, Mr. John Suckling and Mr. Dennis Bely contributed
significantly to both the content, of the report and a fuller understanding of
the subject area.

VII



This page IiifeinionallY left blank

VIII



I. Introduction

An important aspect of the formiilat ion of ity scientific process is t ie definition
of the mathematical framework within which that process is considered. This
mathematical basis defines the limitations of the process, provides the means
for conducting analyses, and helps ensure uniformity and consist (lncy of results.
It is quite common for analytical processes to evolve over a long period of t line
before the underlying mathematics is fully understood and ilhluuirated. This
is the case with Vulnerability/Lethality (V/I.) analyses, long considered more
an art than a science. It is the purpose of this paper to define the mat hemat ical
framework for V/L analyses. to demonstrate how each part of it well-known
process fits into this framework. and to identify parts of this analytical process
which are in error and/or require additional res(earch. It will he shown that this
taxononiv allows a rational scientific al)proach to the V/I. analysis process.



HI. Background

Traditionally, the V/L analysis process for armored fighting vehicles has been
that of inferring some loss of effectiveiicss. or combat utility. from dlamage Ill-
flicted by a munition on a military system. 'Fle association of remaining utility
with damage has been acconmplislhed by a wide variety of means, from intuitive
inference to empirical correlations to Mlonte Carlo simulations onl computers.
Among the numerous (difficulties with tis process is defining "effect iveness"
or "utility," since these terms tend to be related to particular mission or comi-
bat scenarios. Conclaves of experts iii millitary science have been convened
for the p~urpose of providing estimates of tili11ty, generally expressed as a per-
cent, given time loss of certaini coiiibiiat ions of components or subsystems onl a

particular vehicle.' Such 'st iliates. or Damiage Assessment Lists ([)ALs), use
intuitive inference to link comnient dlamlage to loss of coimbat utility. These
estimates rep~resenit a kind of average over all possiblie missions for tl~e vehicle,
and are therefore (levoild of detail ab~out specific system capabilities. The most
common interp~retation Of these estimates (an incorrect one. as emphasized lby
Starks 2 ) is as a probability of comp~lete -kill," in either mobility or firepower
or both.

In the late 1950s, a series of tests at the Canadian Armament Research and
Development Est ablisliient (C(ARDl lE) represeinted thle first modern attempt
at extensive collectioni of' ('iiiirical (lata to relate damage to loss of function. 3

Fromt these ( AllE 1)Tlrias cai a nimniber of correlation curves relating hole
sizes in armnor to loss of (alpalilitY. Extenmsions of these curves are still used
todlay, even though in mail\- cases the comnbat, systems to which they are applied
bear little resemblance to those testedl a~t 'AI(LE. The unfortunate effects of
this extrapolation are pervasive, even infecting computer codes written thirty
years after time tests.

In the cases of aircraft and ships. althIoughi current analytical practices are
different. ina n of thle samne siort coin gs a pplv. For airicraft , vul nerability
analyses hav-e long incl(1uded iefnjaie-reit~ easures of effectiveness

'G.A. Zeller ;uum(I I. F. Armmenidt, Iolonr .: Vitlnerabilty Models; Part IA: Update of the

Standard Damage Asssyncnt List for Tanks~: Underlying Philosophy and Final Results.,
AS[ Systemus Internuatijonal. IIQS A rmaiameut. 1)ivisiom Reportr No. A D-TR1-87-65, Novemnber,
1987

2 \Michael W. Starks, Ncit Fuundations for T'ank Vomnrability Analysis, The Proceed-
ings of the Tenith Anivii l Symnposiumi omi Survivability aiid Vulnerability of
the A mericanm Defenise Preuparedimess Association. N aval Oceani Systems Center. San
D~iego, ('A. 10-12 Mtay 1988

'TIripartitt .1 h- Tank 'fl'ilts andr Ie thal,i fralniioi. -a(rl I. Canadian Armnamniit

Research midE Developmnt Est ablishmnit . Novrinher 1 959



(MOE); examples of these include "Forced Landing", "Time-dependent Crash

Landings", etc. However, along with additional mission-oriented MOEs such

as "Mission Abort", aircraft V/L analyses traditionally suffer from similar

logical disconnects between weapon effects and target response. In the case of

ship analvses, several shortcomings apply. Therefore, although the language

of this report is cast in terms of armored vehicles, the applicability of the

concepts is universal.

Computer models which have evolved to assist in this analysis process are a

reflection of the level of understanding the analysts have of the various physical

and engineering phenomena involved. The lumped-parameter model known as

the Compartment Model, for example, assumes each system consists of "black

box" compartments such as ammunition, crew, and engine.4 A perforation by

a munition anywhere into one of these compartments results in a standard type

of loss of function; that is, all components in the compartment are "lumped"

into a single group for analysis. Point burst type models include more extensive

component descriptionb and attempt to distinguish between different shot lines

by tracing the lines through a detailed target description.

In about 1985, the task of making pre-shot predictions for the Abrams tank

live fire tests underscored the widely-known fact that deterministic models fail

to represent adequately the uncertainties of projectile impact attitude, armor

and component fracture mechanics, spall production, fragment ricochet and

numerous other factors involved in damaging a combat vehicle. Stochastic

or Monte Carlo techniques were introduced in an attempt ti provide more

realistic estimates of damage to vehicles. 5 In that paper, Deitz and Ozolins

recognized the need t.o understand more rigorously the analytical processes

and relationships by introducing the concept. of spaces for V/L analysis. These

spaces and the mappings between them have been used in a number of papers

4 Bradshaw F. Armendt, Jr., e tIhod. of.Asscsing Anti-Arnior Weapons Lethality, Work-

ing Paper 51 of Suhpanel 3 of NATO AC/225. .July 1974
5 For a historical perspective on vulnerabilit.y testing and modeling, see: P.1I. Deitz and

A. Ozolins, Computer Simulations of the Abrams Live-Fire Field Testing, Proceedings

of the XXVII Annual Meeting of the Army Operations Research Symposium,

12-13 October 1988, Ft. Lee. VA; also. Ballistic Research Laboratory Memorandum Report

BRL-MR-3755, May 1989



over the past several years. 67 8 9 Although there is no question that the notion
of spaces has been heuristically useful, there have been both changes in usage
and a lack of mathematical precision in the ongoing dialogue. The authors
thus determined that it would be useful to provide, in a single document,
the complete taxonomy with definitions, assumptions, and limitations. What
follows is a complete description of the spaces and mappings, as well as a
detailed discussion of the application of this taxonomy to V/L analyses.

It must be noted that the use of the terms "space" and "vector" in
this report may seem somewhat specious. It is recognized by the
authors that these terms imply certain mathematical properties
which have not yet been shown to pertain to the entities as used

in this report. The use of these terms is historically based (see
references). Future work will be directed toward solidifying these
concepts.

We are, therefore, under no illusions that the present report will be the last
word on the subject. Furthermore, it will be noted that the tenor of this report
is theoretical. Applications, however, are obvious. It is anticipated that the
framework established in this report will pervade much of the future work in
vulnerability and lethality, both theoretical and empirical. In fact, the termi-
nology discussed herein has alreadY become part of the working vocabulary in
the community.

6Michael IV. Starks, Asscssniq tht Accuracy tf Vuilnerability Models by Comparison with
Vulnerabihty Experimcnts. Ballistic Hesearch Laboratory Technical Report BRL-TR-3018,
July 1989

7P.11. Deitz, M.W. Starks,.J.11. Smith and A. Ozolins, Current Sirnulatzo Methods in
Military Systeins Vulnerability .4ssessmi(lt, Ballistic Research Laboratory Memorandum
Report BRL-MR-3880, November 1990

'Michael NV. Starks, Improved Metrics for Personnel Vulnerability Analysis, Ballistic
Research Laboratory Memorandunm Report, BRL-MR-3908, May 1991

9Paul H. Deitz et al., Current Simulation Methods in Military Systems Vulnerability
Assessment, Procedings of the XXIX Annual Meeting of the Army Operations
Research Symiposiuni, October 1990. Ft. Lee, VA.



III. V/L Spaces and Mappings

A. V/L Levels and Spaces

The basis for the taxonomy of V/L Spaces comes from the recognition that
V/L analyses pass through distinct levels of information in a precise order.
These levels are:

1. Threat-Target Interaction -Initial Conditions,

2. Target Component Damage States, and

3. Target Capability States.

The mappings by which one passes from one level to the next are dependent on
different kinds of information at each level. For example, going from Level 1 to
Level 2 (threat-target initial conditions to target damage) essentially involves
physics; going from Level 2 to Level 3 (target damage to degraded capability)
requires engineering measurement. The process can be shown pictorially as in
Figure 1.

It is important at the outset, to differentiate between "Levels", which are com-
posed only of states of existence, and the "mappings", operators - with the
data and algorithms to which they have access - which relate a state at one
level to a state at another.

A Level contains all the information required to define the state of the system
at the associated stage of a V/L analysis/experiment. At each level, one can
define a space of points, each point being a vector whose elements correspond
to the status of a particular entity related to the target. For example, in
Space 2 (Damage States), each element may refer to the status of a particular
component/sub-systemn. The spaces thus defined are the "V/L Spaces", and
represent, at each level, the state of the target system.

A Mapping represents all of the information (physics, engineering, etc.), known
or unknown, required to associate a point in a. space at one level with a point
in a space at the next level. Mappings have access to information such as:
fundamental data (penetration parameters [level 1 to level 2], leakage rates
[level 2 to level 3], etc.); intermediate data generated by the mapping (line-
of-sight thicknesses [1 to 21. teml)erature rise in an.uncooled engine [2 to 3]);
algorithms (depth of penetration [I to 2]. fault trees [2 to 3]).
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Figure 1: The Vulnerability/Lethality Process

The V/L experimental and analytical processes can then be expressed as a
series of mappings which relate a state vector in one space (the domain) to a
resultant state vector in a next higher-level space (the range).

Note that at each transition to the next level some detail about the target
system is lost: a broken bolt in level 2 may be the cause of degraded mobility
influencing mission effectiveness, but at level 3 the bolt is no longer recognized
as an entity. It is now widely acknowledged that skipping over levels (such
as inferring remaining conabat utility directly from the size of the hole in
the armor) loses so significant an amount of information that continuity and
auditability are lost.

B. Axioms and Definitions

In order to provi(le a consistcit, st rcthire to the geometry we are about to
define, the following axionlis (asstmptions) arc given:

1. There are 3 levels of information making up the vulnerability/lethality
analysis universe; spaces can be (lefined at each of these levels.

6



2. The points in each of the spaces are, in principle, observable and/or
measurable.

3. The points in each space are vectors, consisting of one or more elements.

4. There exist mappings from each level to the next, and from a space at
each level to a corresponding space at the next level.

With these axioms in place, we have then:

Definition 3.1:

1. V/L Space 1, or VL1, is the set of all possible initial conditions for
target/munition interaction.

2. V/L Space 2, or VL2, is the set of all possible damage vectors,
the elements of which indicate the status of all critical compo-
nents/subsysteins.

3. V/L Space :3, or VL, is the set of all possible system capability
degradation vectors, the elements of which indicate degrees of ca-
pability (for movement, communication, firepower - or, at a finer
level of resolution, speed, acceleration, etc.)

Definition 3.2: The dimension of a space is the number of elements in a vector (point)
in that space.

Definition 3.3: The cardinality of a space is the number of vectors (points) in that space.

Definition 3.4: The mapping from VL1 to VL2 is denoted by 012; similarly, the mapping
from VL2 to VL3 is denoted by 023.

It is important to recognize that it is possible to construct many different
spaces at any particular level. For example, note that the number of elements
in a point (vector) in a space may depend upon the granularity of the target.

This appears to be practically unavoidable: a human enumerates the different
elements which he will evaluate in deciding what state exists after a single
shot. Thus. there may be any inuml)er of spaces which could be created to

describe the post-shot evaluation. Yet. they could all be "Spaces", as defined
in this section. (That is. Ihey cain be closed, possess an identity element, be
amenable to the defined operators, etc.)

A potentially fruitful area for fit ure study is the relationship between differ-
ent spaces at the same level lhat differ only in their degrees of granularity.



This naturally leads to the concept of an "iltimate" space at each level. For
example, consider a sequence of spaces of dalilage vectors (level 2), each suc-
ceeding space having more elements iII its vectors. Since each element of a
damage vector refers to the status of a particular part of the target, such a
sequence could result from a progressively finer dissection of the target into
successively smaller parts. The endpoint of this sequence is a construct whose
discrete elements are replaced by continuously varying ones which detail the
infinitesimal, point-by-point status of the target. Ideally, this "endpoint" will
also form a space under the same definitions that are listed herein, with the
necessary replacement of discrete entities with continuous ones.

The relationship between this "ultimately fine space" and a space of coarser
granularity may be of more than academic interest. For example., suppose a
predictive result, is expressed in terms of a set of damage vectors assembled
into space VL2a. An experiment is independently conducted, with results
expressed in terms of the damage vectors in VL2b. Consider the task of
determining how close the prediction is to the experimental result. Since thc
spaces are different, comparison of the damage vectors, in a mathematical
sense, may be unfounded. However, if both results can be related to their
associated points in VL2* (the "ultimately fine space"), a comparison between
the points can be made.

C. Example 3.1:

Consider a threat-target system consisting of an arrow attacking a Conestoga
wagon. Let the elements in each point (vector) in VL1 refer to:

A rIro w velocity in the x-direction
Arrow velocity in the v-direction
A row velocity in the z-direction
\'\agoln imnpact x-coordinate
Wagon inpact y-coordinate
Wagon imlpact z-coordinate
Arrow rmass

In this case, with 7 crit ical )araineters ideilt ified. the diniension of VL1 is 7. If
we assume a coiit iiiiiiii1 of l)ossil he valins for velocity, location and mass, then
the cardinaliltv of \1I1 is iulilMite. Oie cold, of course, allow only discrete
values for these parameters wit Ili a certaiin ramige of values: this would reduce
the cardinaliltv but not the dimensioni of VII.

S



Proceeding to Level 2, we construct a hypothetical space of 1)ossible damage
vectors. Assume that the Conestoga wagon's critical components have been
identified as driver, rifle, right front wheel, left front wheel, right rear wheel,
left rear wheel, hull, tang. right ox, left ox. harness, and reins. There are 12
critical components, making the dimension of VL2 = 12. If we further assume
only binary damage states for these components (i.e., damaged or undamaged,
with no intermediate levels), then the cardinality of VL2 is 212. Each point
in VL2 is a vector with 12 elements, each having possible values 0 and 1
(dead/not dead). Let the elements be arranged as follows:

driver
* rifle

rf wheel
If wheel
rr wheel
Ir wheel
hull

tang
r ox

I ox
harless

At Level 3 (Capability Degradation), we choose to analyze three capabili-
ties, the ability to move., shoot and perform other crew functions. Through
an engineering analysis, we group the critical components into three critical
subsystems: Mobility, Firepower and ('rew.

* Mobility

- dlriver
- rf wheel
- if wheel
- Ir wheel

- Ir wheel
- tang
- r OX

- IOX
- harlness

- reins

* Firepowe'r



- driver
- rifle

* Crew

- driver

(Note: Strictly speaking, the number of surviving crew members is a Level 2
metric. However, the ability to do crew functions is a capability and rightly
belongs at Level 3.)

The points in VL3 are therefore 3-element vectors like:

NI (degradation level)
F (degradation level)
C (degradation level)J

where degradation level is an indicator of the performance capability of the
subsystem; this might be expressed as a percent of full capability. The dimen-
sion of VL3 = 3; the cardinality of VL3 depends on the number of degradation
levels assigned to the subsystems. For a continuum of degradation values, the
cardinality is infinite. In the case of (liscrete levels of performance degradation,
the cardinality is the product of the possible number of levels of degradation
of each subsystem.

We shall return to this example in the following sections.

D. Relationships Between Spaces at Different Levels

a. Mappings Let us next consider the mappings, the association of points
from a space at one level with those in a space at another level. As described
above, the points in the spaces are determined by system design, construction,
and application (mission); specifically excluded are the physical and engineer-
ing factors that relate points in one space - for example, a set of initial condi-
tions - to points at the next level - for example, the resultant damage. Rather,
such factors are incorporated in the mappings, either actually, if the mapping
is accomplished by a field expelriment, or algorithmically, if the mapping is
accomplished by analysis or siniilalion.Aalytical mappings are characterized
by empirical or theoretical relationships such as penetration algorithms, frac-
ture mechanics. etc.. in the cas, of the mapping from VL I to VL2. When

to



going from VL2 to VL3, an analytical mapping may consist of a series of fault
trees. Thus, in this taxonomy, knowledge gaps are quite clearly linked to the
ability to construct a mapping from one space to another.

There may also be a certain variability inherent in the processes of penetra-
tion, fracture mechanics, and so on. If it exists, such variability would be a
characteristic of the mapping function; that is, two applications of a mapping
function to the same point in its domain could result in two different image
points in its range.

b. Repeated Mappings and Probability Distributions Consider the
following procedure: We construct, spaces at Levels 1 and 2 (VL1 and VL2)
as described above. We also construct a "scorecard" at Level 2 which allows
us to count how many times each damage state point in VL2 is reached. We
then select only one set of initial conditions (a fixed point in VL1) and iterate
the mapping 012, counting the number of times each point in VL2 is reached.
It is clear that, following a large number of mappings, the information in the
scorecard provides an indication of the likelihood that a certain damage state
point in VL2 will occur from a given set of threat-target initial conditions in
VL1. In fact, it is straightforward to interpret the scorecard information as a
probability distribution associated with the mapping and the initial conditions.
Some common interpretations of this kind are included in Figure 1.

In principle, the process could be repeated for several sets of initial conditions.
In this way, one can arrive at an understanding of the stochastic nature of the
physics or engineering underlying the 012 and 023 mappings.

Once the spaces are defined at each level and the mappings (012, 023) are
known for a particular vulnerability or lethality problem, then the analysis
process can proceed. Selecting a set of initial conditions for threat-target
interaction, one applies the 012 mapping to determine a damage state vector
in VL2. Using that damage state vector as the domain point, one then applies
the 023 mapping to determine a loss-of-capability vector in VL3. By repeated
application of the 012 mapping from the same initial conditions, one can infer
the likelihood of occurrence of each of the damage state vectors. Similarly, by
repeated application of the 023 mapping to the same damage state vector,
one can infer the likelihood of occurrence of each loss of capability.

It is essential to app)reciate two points:

1. These likelihoods. or probabilities. are functions of the mappings, and
not of tle spaces: if the mnappings are changed. the probabilities which

11



they associate with the vectors iII the spaces will change.

2. The mappings have their domains and ranges in the V/L spaces, not
in the sets of probabilities. (A forthcoming paper will make clear some
of the problems which can result from not properly maintaining the
distinction.)

c. Non-invertibility It is also important to realize that the mappings 012
and 023 are not, in general, invertible. That is, given a capability state vector

in VL3, it is not possible to determine which damage state vector in VL2 was
mapped into it, by 023. In fact, there will generally be numerous damage state
vectors which could prodce, tinder 02:3, a given capability state vector. A
similar relationship helds for tlie mapping 012.

To see this more clearly, consider the arrow- wagon problem. A capability state
vector in VL could be (N=0,F=,C=), indicating full firepower and crew
capability, but no mobility. Notice that this piece of information by itself tells
us nothing about why there is no nobility. Were both oxen killed? Were all
or some wheels lost'? \Vas the entire wagon destroyed and both oxen killed,
leaving the driver (C) and the i'ifle (F)? Since one has no way of knowing just
from the capability state vector, the mapping 023 is clearly not invertible.
Stated another way, the 023 mapping is "tnany-to-one" (or "n.any-to-many").

Similarly, 012 is not invertible. Contiiming the above example, suppose the
corresponding damage state vector inI \L2 was:

0 (driver)
1 (rif wheel)
I (If' wheel)
0 (rr wheel)
0 (Ir wheel)
I (tang)
0 (r ox)
o (I ox)
0 (harness)
0 (reins)

For this case. only the two front wheels and the tanig were damaged. One
can easily post ulate a numbler 4f ways inI which stich damage could occur. For
example, arrow hits If wheel. c;, si ig lie wagon to tip. breaking tang and

rf wheel. Or. perh aps tie arrow liint lie rf" wheel. causing the wagon to tip,

12



breaking the tang and the If wheel, and so on. Again quite clearly, 012 is not
invertible; it, too, is many-to-one or many-to-many.

The consequences of this non-invertibility can be significant, particularly im-
pacting the development process for military equipment (the subject of a forth-
coming paper). For the purposes of the present paper, it suffices to point out
that non-invertibility of the mappings 012 and 023 translates into an absence
of unique solutions for military hardening problems.

E. Impact of Cardinality

It has been implied by the previous paragraphs that a combination of testing
and modeling can be used to characterize system performance. As was noted
in the previous section, the cardinalities of VLi, VL2, and VL3 could be finite
or infinite. If the cardinality of VL2 is finite, it may be possible (though very
expensive) to examine, through testing and simulation, the full spectrum of
images of VL2 in VL3 under the 023 mapping. If the cardinality of VL2 is
infinite, this is simply not possible.

Similarly, if the cardinalit y of VIl is infinite (which is quite certainly the
case in the real world of continuously-varying coordinate systems, masses and
velocities), then it is clearly impossile to anialvze every aspect of 012. Thus,
the best which can be hoped for is to identify a reasonable approximation
to 012, and to 023 as well. This is where the introduction of stochastic
simulation into the process can pay off handsomely.

13



IV. Relevance of the Taxonomy to the
Vulnerability/Lethality Analysis

Process

A. Initial "Set-up" of Problem

Given a comp 1 letely (lefinied thlreat anid target , how does one con-struct thle

approp~rate 7/ L spaces flor a gi '(i prol)Ikin and~ (letrmine a nd/or a I qroxhnat C
the mnappings let ween ini It is inst 111(1i e to "walk thlrouigh- l examiple:.
we vIllI again uise the arrow-wagoli proleiii

The first step) ii any anlalVsis Inwi~css is to dce(rinine the re(Inired precision.

This requniremieint will dlictate t ie( level of' (lail requiiredl ill comlpuiter target

descriptions, t he level of precision needed in test iistrnruieritat in and dat a
reduction, thle ii timbr of cinn~Iiii Is iWeiI ilef as critcal, anid thle level of
perflormance cap~ability w s in g to h~e done. (It seemrs reasonable that precision
in the results of an analysi, depenlds upon thle level of dletail inl the target
description. I lowever. tlie (Iiiaiilificat i of ths (lm-nideice is iiost (hifficllt

in practice.) For t iiis examinple. assii nie I hat the part iula r \/ I. problemn to
be analyvzed is to (let etruuiti thle vidwi-aility 0' t he \17 ( om-s oga W'agoni
to the N1328 flu-st ahilized arrow. Sii pposev it has been (let erI iiied (by sonuic
unsp~ecified limeanls) t hat no Signiificant I fevatuire of' the target has a presented
area of less I hal in on squarie ff ot It is t lierefore reasonable to Iormi a grid over
the target (lscrilptoii at the aj~f)rol~rate asplect aiigle withI one foot betweenl
gridl lines. arid pi'suiiii.t'hat at lii by tle arrow at one( p~oinit in at one-foot -

square bow is iflentical to a liti anywhere else iii t hat box . Addit ionally. one(
might defin i ali k-elyv atack vek wit v anid mnass for thle arrow. Thiese assigned
numbers anid thle targoe gridf coordliiiate~ plofpinlate \L.

Simuilarly, hiaviiig idenitified thle (lit ical (oiiijouent said having decided to spec-

ify the (h 1aagi st ate(" ill tern is of' Ilhose coiNpo01 iciis. it is possil~e to construct
a V L2.

The eleient s of thle V1I.3 vectors nriiist reflect thle capIabilit ies to b e evalu at ed

for the NI7 ( oliestogal. I 111i, Cxaitile. I liese vectors have three elemlent..
correspoinig to Nlohilit v. Vl'ipowci ald Cr'ew Fuinctioii. ( Note: [he "granl-
I.larit y- of t hese c(fe~iii ~s i, ar-hil rar, a.is w~as thfat of the celmentls inl VIA
anl V1,2. For Cxanlij)14. it onI have I 4e(il possible If) have sifl livided *No
bility** into >\biit v to ( o)* and "A\bility\ to stop". This decisionI is againl
a relied ion oA thle rejn iwit' ;'--( iiit IT l we Iwal )(~I i I i ftionl. If'

it is s~i(f( W e ili ine It t i 'Iahr nccjsr' )iI is nmnii' I c(i nivisions"



will need to be increased appropriately, by (lecreasing grid Wie and addintg
components/sLIbsystem]s and ('a[abilit jes.)

At this stage, the spaces are- populatedl with vectors andl their dIimlension has
been set based upon somie ant icip~at ed level of detail necessary to sat isfy the

requireitnt s of thle analysis. Hiese spaces am!1( the vectors iii I letin represett
the total tin iverse of state Ar tWle problem: no iniitjal conditjolts, datitage states

or calpalilities out side I li , panvs wvill (niter iiito the analysis.

It remai t to( cltaracterizlt'i e i upjpings. FOr thle 0)12 mapping. onieeds such
things as peietrat ion algorit inn for thle NI128 arrow into ox hide. iroli-riinntedl
wheels. etc;' if I hese arie ini kiowit. peitetrat ion testing ts required to prov(ide
the niecessa ry dat a for developmnit of' such algorithIins. If thle NI 328 arrow
can be equ i ppN withi a flamui ng Ii p. fine start /spread algori tbIII ms are required.
If thle arrow t ip can In' coaled Wh lox ix sitbst ances fouind( lyinhg abouit the

prairie. thlen toxicity atu i may be iieeded. Continuiing in this mannier.
all pert ilntt daltiage iiicllaiisiis imiut be identified and modeled, using a
mlix of"VempiriCiSili and Iie0ory ;. appr~op~riate. Essimt~alIy thte 012 itapping is
c'haract erized 1by h di i of in IlI iea i -target syst eti.

In order to chiart en ze (T )2 taigil ieig iiiasn rin ertts anid/or mnodeli rg m rist
be uisedl. In t his case, one iii iist det ('iin it, effects of losintg thle rf wheel,

the Ir whevel, bothi. aitl anyv and all comin~iat ions of wheel losses, losing otic

ox, bre-aking one( harness. anid imiinerotis othler capabiility (jItest ioits. While
the lOSs, Of both iioxnV or of All \0cc w v es\ould1( seentl to caulse a fuill loss of
Iruobilit v. loss of' one ox wouldil , iv rednce inobilit V. ai 1( perhaps losintg one or
event two whecels would ntl picc'luIle mlovceiit 'Suc(h quiest ionis are itot easily

anisweredl teoret icall , . iifl iitav I hits requiire extensive testing for full auid

adequlate f-btataci elizii tii (4 Iiw mi puiii iii order to qtiaiit if t ie capabiilityv

loss relative to Ilie SYst ('s h asel itt' iwrloiiiiaice.

It is worth Ii riterating that Ihle space call all be forninilated wit bout ally-

hing toeIhanl at (olipIel e kiiowle'h- oh syvstcii design andI 1hlieat at tack

jparaniites. Mleiriing t6 n hifjiit, nequilie test iig anid physics or enlgineer-

shardij tliii'ct at itiatle licotl I c ondI? ilt'I (stale vcctur-) anild t h' iatitl

aedgint I in I illpi~s hep to focus ;it Wil ol p81 lt



B. Extraction of Results for End-Uses

Our discussion thus far has had to do with particular shots and particular
consequences of those shots. For various analytical purposes we must also be
equipped to make more general assertions concerning the military utility of
actual or hypothesized weapon systems. These general assertions are typically
stated in terms of various statistical aggregates.

Figures 2 and 3 provide a notional scheme which shows how these statistical
aggregates are formed for both item and force-level modeling. For both of these
levels of modeling, the nature of the particular statistical aggregate formed
depends on two things.

The first determinant is the manner in which specific weapon-target engage-
ment conditions are chosen in the item/force-level model and the specific fash-
ion in which thev are used to drive 1oops through the V/L spaces. The second
is whether or the extent to wliul, ti,e item or force- level model aggregates the
subsystem capability information from VL3. Both the details of the looping
and the specific methods of aggregation are developed in a large number of
different ways in practice. Ii is not part of our aim to spell out these variations
here; the point is that the Spaces coicept we have presented here is sufficient
to support traditional down-stream uses of V/L information.
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V. Conclusions and Recommendations

A taxonomy has been developed for the vulnerability/lethality analysis pro-
cess. It has been shown that this taxonomy represents an appropriate and

internally consistent mathematical foundation for vulnerability science, pro-
viding a framework for analytical processes and a means for identifying knowl-
edge gaps.

The astute reader will have surmised that there is likely an algebra of the
vectors in the spaces which can be defined, with a "norm" or distance, and a
binary operator for combining two vectors. This algebra is being pursued, and
is the subject of a report now in progress.

At thi. ime it is impossible to predict the degree to which such a. formal alge-
bra, with rigorously defined entities, will be able to be fitted to the mathemat-
ical structures described above. However, if nothing else ever comes out of the
exercise, the taxonomy and associated vocabulary that have been developed
have already prove1 to be extremely useful to those who now routinely use it.
The Levels of results, the meaning of a Space of state vectors, the constituents
of a mapping - these concepts have considerably sharpened information and
idea exchange in a wide range of vulnerability applications, including manage-
rial and operational issues, as well as methodological developments.
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Naval Surface Warfare Center
Commander ATTN: Norma D. Holland
Naval Air Systems Command Code R-14
JTCG/AS Central Office Silver Spring, Md 20903-5000
ATTN: 5164J (LTC James B. Sebolka)
Washington, DC 20361 1 Commander

Naval Surface Warfare Center
Commander ATTN: Dr. F.E. Baker
ADR Program Manager 10901 New Hampshire Ave.
CODE AIR-411121 Silver Spring, MD 20903-5000
ATTN: Tom Furlough
Naval Air Systems Command 1 Commander
Washington, DC 20361-4110 Naval Surface Warfare Center

ATTN: William Emberson
Commander Code H021
Naval Ocean Systems Center 10901 New Hampshire Avenue
ATTN: Earle G. Schweizer Silver Spring, MD 20903-5000
Code 000
San Diego, CA 92151-5000
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Commander I Naval Postgraduate School

Naval Surface Warfare Center ATTN: Dr. Michael J. Zyda
ATTN: M. John Timo Department of Computer Science
10509 Edgefield Drive Code 52
Adelphi, MD 20783-1130 Monterey, CA 93943-5000

2 Commander 1 Naval Postgraduate School

U.S. Naval Weapons Center Department of National Security

ATTN: Jay Butterworth ATTN: Dr. Joseph Sternberg
Dr. Helen Wang Code 73

Code 3951 Monterey, CA 93943
Bldg 1400, Room B20

China Lake, CA 93555-6001 1 Commander
Naval Air Systems Command

Commander ATTN: Mr. Philip Weinberg

U.S. Naval Weapons Center Code AIR-516J
ATTN: David H. Hall (Code 3181) Washington, DC 20361-5160
China Lake, CA 93555-6001

1 Commander

Commander Naval Sea Systems Command
U.S. Naval Weapons Center ATTN: William G. Boyce
ATTN: Mark D. Alexander (Code 3894) Code 56Y52
China Lake, CA 93556-6001 Washington, DC 20362

Commander I Commander

U.S. Naval Weapons Center Naval Sea Systems Command

ATTN: Melvin H. Keith (Code 35101) ATTN: Granville W. Broome
China Lake, CA 93555-6001 SEA 5011

2521 Jefferson Davis Hwy.

Commander Arlington, VA 22202
U.S. Naval Weapons Center
ATTN: Tim Horton (Code 3386) 1 Commander

China Lake, CA 93555-6001 Naval Sea Systems Command
ATTN: Philip M. Covich

Commander SEA 55X

U.S. Naval Weapons Center Washington, DC 20362-5101
ATTN: Robert Cox, Code 3517
China Lake, CA 93555-6001 2 Commander

Naval Sea Systems Command

Commander ATTN: CPT Charles Calvano USN

U.S. Naval Civil Eng Laboratories Robert Keane, Jr.
ATTN: John M. Ferritto (Code L53) SEA 50
Port Hueneme, CA 93043 Washington, DC 20362-5101

Naval Postgraduate School 1 Commander
ATTN: Professor Robert E. Ball Naval Sea Systems Command

Department of Aeronautics ATTN: Oliver F. Braxton

and Astronautics 2521 Jefferson Davis Hwy.

Monterey, CA 93943 Arlington, VA 22202
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Commander 1 Commander
Naval Sea Systems Command Space and Naval Warfare Systems Comiimiand
ATTN: Donald Ewing ATTN: Paul Wessel
Code 503 Code 30T
2521 Jefferson Davis Hwy. Washington, DC 20363-5100
Arlington, VA 22202

2 Commander
Commander David W. Taylor Naval Ship and
Naval Sea Systems Command Development Center
ATTN: Larrie D. Ferreiro ATTN: W. Conley
SEA 501 J. Schot
2521 Jefferson Davis Hwy. Bethesda, MD 20084
Arlington, VA 22202

1 Office of Naval Technology
Commander ATTN: David J. Siegel
Naval Sea Systems Command 800 N. Quincy Street
ATTN: Anthony F. Johnson Arlington, VA 22217-5000
SEA 05R2
Washington, DC 20362-5101 1 Commander

Eglin Air Force Base
Commander AD/ENL
Naval Sea Systems Command ATTN: Robert L. Stovall
ATTN: CPT William E. Mahew USN Eglin AFB, FL 32542
PMS 423
Washington, DC 20362-5101 1 Commander

USAF HQ ESD/PLEA
Commander Chief, Engineering and Test Division
Naval Sea Systems Command ATTN: Paul T. Courtoglous
ATTN: Carl Hf. Pohler Hanscom AFB, MA 01730
Code 05R23
Washington, DC 20362-5101 2 Commander

2U"ATL
Commander ATTN: AGA (Lawrence Jones)
Naval Sea Systems Command (Mickie Phipps)
ATTN: Ronald P. Kramer Eglin AFB, FL 32542-5434
SEA 50143
2521 Jefferson Davis lwy. I WL/MNMW (Mr. John A. Collins)
Arlington, VA 22202 Eglin AFB, FL 32542

Commander 1 Commander
Naval Sea Systems Command AFEWC
ATTN: CPT R. Percival USN ATTN: AFEWC/SAXF (Bod Eddy)
SEA 05T Kelly AFB, TX 78243-5000
2521 Jefferson Davis Hwy.
Arlington, VA 22202 1 Commander

AFWAL/AARA
ATTN: Ed Zelano
Wright-Patterson AFB, Oil 45433
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I Commander I Commander
AFWAL/FIES AFWAL//'AAIA
ATTN: James Hodges Sr. ATTN: Vincent Velten
Wright-Patterson AFB, Off 454133-6523 Wright-Patterson A.-3 Off 1.513:3

2 Commander 1 Commander
AFWAL/MLTC FTD/SQDRA
ATTN: LT Robert Carringer ATTN: Larry E. Wright

Dave Judson Wright-Patterson AF13. Oil 15133
Wright-Patterson AFB, OH 45433-6533

1 Commander
I Commander AD/CZL

ASB/XRM ATTN: James M. Iheard
ATTN: Gerald Bennett Eglin AFB, Fl, :325-12-50001

Martin Lentz
Wright-Patterson AFB, O11 45433 1 Commander

AD/ENYXV
I Commander ATTN: Jim Richardson

WRDC/AARA Eglin AFB, Fl, 32542-5000)
ATTN: Michael L. Bryant
W righ t- Patterson AFB, OHf 45433 1 Commander

Air Force Armament Laboratory
I Commander ATTN. AFATL/DLY (Jame, B. Flint)

FTD/SDMBA Eglin AFB, FL 325412-5000
ATTN: Charles Darnell
Wri ght- Patterson AFB, OHf 45433 1 Commander

U.S. Army FSTC,/CA3
I Commander ATTN: Scott MingledorfT

FTD/SDMBU 220 Seventh Avenue
ATTN: Kevin Nelson Charlottesville, VA 22()01-539(;
Wright-Patterson AFB, OH 45133

1 Commander
1 Commander U.S. Army FSTC (UK)

FTD/SQDRA ATTN: MAJ Nigel Williams
ATTN: Greg Koesters 220 Seventh Avenue
Wright-Patterson AFB, 011 45433-6508 Charlottesville, V .\ 22901-539)6

I Commander I Commander
FTD U.S. Army FSTC
ATTN: Tom Reinhardt ATTN: Dr. Tim Small
Wright-Patterson AFB, OHf 45433 220 Seventh Avenue

1 Commander
FTD/SDAEA I Defense Intelligence A-gency
ATTN: Joe Sugrue ATTN: I)lI-6E3 (Jay I lagler)
Wright-Patterson AFB, Oil 4.5433 Washington, DC( 2031I0-6i763
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5 Institute for Defense Analyses (IDA) 2 Aero Corporation
ATTN: Mr. Irwin A. Kaufman ATTN: David S. Eccles

Mr. Arthur 0. Kresse Gregg Snyder
Dr. Lowell Tonnessen P.O. Box 92957, M41/913
Mr. Benjamin W. Turner Los Angeles, CA 90009
Ms. Sylvia L. Waller

1801 N. Beauregard Street 1 AFELM, The Rand Corporation
Alexandria, VA 22311 ATTN: Library-D

1700 Main Street
Institute for Defense Analyses Santa Monica, CA 90406
ATTN: Carl F. Kossack
1005 Athens Way 2 Air Force Wright Aeronautical Labs
Sun City, FL 33570 ATTN: CDJ, CPT Jost

CDJ, Joseph Faison
Institute for Defense Analyses Wright-Patterson AFB, OH 454t33-6523
ATTN: Dr. Natarajan Subramonian
14309 Hollyhock Way 1 Alliant Techsystems, Inc.
Burtonsville, MD 20866 ATTN: Hatem Nasr

Systems and Research Center
Department of Commerce 3660 Technology Drive
National Institute of Standards and P.O. Box 1361

Technology Minneapolis, MN 55418
Manufacturing Systems Group
ATTN: B. Smith 2 Alliant Techsystems, Inc.
Washington, DC 20234 ATTN: Raymond If. Burg

Laura C. Dillway
AAI Corporation MN38-4000
ATTN: H. W. Schuette 10400 Yellow Circle Drive
PO Box 126 Minnetonka, MN 55343
Hunt Valley, NID 21030-0126

1 Allison Gas Turbine
2 ADPA Division of GM

ATTN: Donna t. Alexander ATTN: Michael Swift
Bill King PO Box 420, SC S22B

Two Colonial Place, Suite 400 Indianapolis, IN 46260-0420
2191 Wilson Boulevard
Arlington VA 22201-3061 1 Aluminum Company of America

ATTN: Frank W. Baker
ARC Professional Services Group Alcoa Technical Center
ATTN: Arnold R. Gritzke Alcoa Center, PA 15069
5501 Backlick Road
Springfield. VA 22151 1 Analysis and Technology

ATTN: RADM Thoma. N1. lopkins t'SN
2 Advanced Marine Enterprises (Ret)

ATTN: James F. Hess 1113 Carper Street
CPT Frederic S. Ilering USN (Ret) McLean, VA 22101

1725 Jefferson Davis lighway
Suite 1300
Arlington, VA 22202
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ANSER 1 Battelle
ATTN: James W. McNulty ATTN: Bernard J. Tullington

1215 Jefferson Davis Highway 4001 Fairfax Drive #600
Arlington, VA 22202 Arlington, VA 22203-1617

ARC C-500 3 Battelle

ATTN: John H. Bucher Edgewood Operations
Modena Road ATTN: Roy Golly
Coatesville, PA 19320 Gene Roeckpr

Robert Jameson

Armament Systems, Inc. 2113 Emmorton Park Road
ATTN: Gerard Zeller Edgewood, MD 21040
P.O. Box 158
211 West Bel Air Avenue I The BDM Corporation
Aberdeen, MD 21001 ATTN: Edwin J. Dorchak

7915 Jones Branch Drive

Armored Vehicle Technologies McLean, VA 22102-3396
ATTN: Coda M. Edwards
PO Box 2057 1 The BDM Corporation

Warren, MI 48090 ATTN: Fred J. Michel

4001 Fairfax Drive #750
ASI Sytems, International Arlington, VA 22203-1618
ATTN: Dr. Michael Stamatelatos

3319 Lone Jack Road I Bell Helicopter, Textron
Encinitas, CA 92024 ATTN: Jack R. Johnson

PO Box 482

Auburn University Fort Worth, TX 76101
Electrical Engineering Department

ATTN: Dr. Thomas Shumpert 3 BMY, Division of Harsco
Auburn University, AL 36849 ATTN: William J. Wagner, Jr.

Ronald W. Jenkins
A.W. Bayer and Associates Ed Magalski
ATTN: Albert W. Bayer, President PO Box 1512

Marina City Club York, PA 17404
4333 Admiralty Way
Marina del Rey, CA 90292-5469 1 Board on Army Science and Technology

National Research Council
Battelle Room MH 280
ATTN: TACTEC Library (J.N. Huggins) 2101 Constitution Avenue, NW
505 King Avenue Washington, DC 20418

Columbus, OH 43201-2693
2 Boeing Aerospace

Battelle ATTN: Dr. Robert, Chiavetta
Defense and Space Systems Analvis Dr John Kuras

ATTN: Dr. Richard K. Thatce Mail Stop 8K17
505 King Avenue P.O. Box 3999

Columbus, OH 43201-2693 Seattle, WA 98124-2499
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Boeing Military Airplanes I Computer Sciences Corporation
ATTN: MS K80-08, Jerry White ATTN: Abner W. Lee

PO Box 7730 200 Sparkman Drive

Wichita, KA 67277-7730 Huntsville, AL 35805

Boeing Vertol Company I CRS Sirrine, Inc.

A Division of Boeing Co. ATTN: Dr. James C. Smith

ATTN: MS P30-27, John E. Lyons PO Box 22427
PO Box 16858 1177 West Loop South
Philadelphia, PA 19142 Houston, TX 77227

Booz-Allen and Hamilton, Inc. 2 Cypress International

ATTN: Dr. Richard B. Benjamin ATTN: August J. Caponecchi
Suite 131, 4141 Colonel Glenn Hwy. James Logan
Dayton, OH 45431 1201 E. Abingdon Drive

Alexandria, VA 22314
Booz-Allen and Hamilton, Inc.

ATTN: Lee F. Mallett I DATA Networks, Inc.
1300 N. 17th Street, Suite 1610 ATTN: William E. Regan, Jr.
Rosslyn, VA 22209 President

288 Greenspring Station
2 Booz-Allen and Hamilton, Inc. Brooklandville, MD 21022

ATTN: John M. Vice
WRDC/FIVS/SURVIAC I Datatec, Inc.

Bldg 45, Area B ATTN: Donald E. Cudney
Wright-Patterson AFB, OH 45433-6553 President

326 Green Acres
John Brown Associates Fort Walton, FL 32548

ATTN: Dr. John A. Brown
PO Box 145 1 David Taylor Research Center

Berkeley Heghts, NJ 07922-0145 ATTN: Robert E. Fuss
UERD, Code 177

Chamberlain Portsmouth, VA 23709-5000
ATTN: Mark A. Sackett
PO Box 2545 1 David Taylor Research Center
Waterloo, IA 50704 ATTN: Seymour N. Goldstein

Code 1210

Commander Bethesda, MD 20084-5000
Combined Arms Combat Development
ATTN: ATZL-CAP (LTC Morrison I David Taylor Research Center

Dir, Surv Task Force) ATTN: Ib S. Hansen
Ft. Leavenworth, KS 66027-5300 Code 174

Bethesda, MD 20084-5000

Commander
Combined Arms Combat Development I David Taylor Research Center
ATTN: ATZL-IlFM (Dwain Skelton) ATTN: Harry Price Gray
Ft. Leavenworth, KS 66027-5300 Code 1740.4

Bethesda, MD 20084-5000
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David Taylor Research Center 1 University of Dayton
ATTN: Jackson T. Hawkins Graduate Engineering and Researc'
Code 1740.2 Kettering Lab 262
Bethesda, MD 20084-5000 ATTN: Dr. Gary Thiele, Director

Dayton, OH 45469
David Taylor Research Center
ATTN: Steven L. Cohen 1 Defense Nuclear Agency
Code 1230 Structural Dynamics Section
Bethesda, MD 20084-5000 ATTN: Tom Tsai

Washington, DC 20305
David Taylor Research Center
ATTN: Dennis Clark I Delco Systems Operation
Code 0111 ATTN: John Steen
Bethesda, MD 20084-5000 6767 Hollister Avenue, #P202

Goleta, CA 93117
David Taylor Research Center
ATTN: John R. Krezel 1 Denver Research Institute
UERD, Code 177.2 BW 228
Portsmouth, VA 23709-5000 ATTN: Lawrence G. Ullyatt

2050 E. Iliff Avenue
David Taylor Research Center Denver, CO 80208
ATTN: Richard E. Metrey
Code 01 1 Dow Chemical, U.S.A
Bethesda, MD 20084-5000 ATTN: Dr. P. Richard Stoesser

Contract R&D
David Taylor Research Center 1801 Building
ATTN: Dr. Paul C. St. Hilaire Midland, MI 48674-1801
Code 1210
Bethesda, MD 20084-5000 1 Drexel University

ATTN: Dr. Pei Chi Chou
David Taylor Research Center College of Engineering
ATTN: Arthur Marchand Philadelphia, PA 19104
Code 2843
Annapolis, MD 21042 1 DuPont Company FPD

ATTN: Dr. Oswald R. Bergmann
David Taylor Research Center B-1246, 1007 Market Street
ATTN: Michael Riley Wilmington, DE 19898
UERD, Code 177
Portsmouth, VA 23709-5000 1 Dynamics Analysis and Test Associates

ATTN: Dr. C. Thomas Savell
David Taylor Research Center 2231 Faraday Ave
ATTN: J. William Sykes Suite 103
Code 175 Carlsbad, CA 92008
Bethesda, MD 20084-5000

1 E. I. Dupont TED FMC
David Taylor Research Center ATTN: Richard 0. Myers Jr.
ATTN: Ilerbert Wolk Wilmington, DE 19898
Code 1740.1
Bethesda, MD 20084-5000

33



No. of No. of
Copies ()tganizaton copie Organization

Eichelberger Consulting Company 3 FMC Corporation
ATTN: Dr. Robert Eichelberger ATTN: Ronald S. Beck

President Martin Lir
409 West Catherine Street Jacob F. Yacoub
Bel Air, MD 21014 881 Martin Avenue

Santa Clara, CA 95052

Electronic Warfare Associates, Inc.
ATTN: William V. Chiaramonte 1 BDM International
2071 Chain Bridge Road ATTN: Mr. Steve Church, FX2B307
Vienna, VA 22180 7915 Jones Branch Drive

McLean, VA 22102-3396

Emprise, Ltd.
ATTN: Bradshaw Armendt, Jr I BDM International
201 Crafton Road ATTN: Mr. Tom Hooker, FF2B304
Bel Air, MD 21014 7915 Jones Branch Drive

McLean, VA 22102-3396
8 Environmental Research Institute of Michigan

ATTN: Mr. K. Augustyn 2 FMC Corporation
Mr. Kozma Defense Systems Group
Dr. I. La Haie ATTN: Robert Burt
Mr. R. Horvath Dennis R. Nitschke
Mr. Arnold 1115 Coleman Avenue
Mr. E. Cobb San Jose, CA 95037
Mr. B. Morey
Mr. M. Bair 1 FMC Corporation

PO Box 134001 Naval Systems Division (NSD)
Ann Arbor, MI 48113-4001 ATTN: MK-45, Randall Ellis

4800 East River Road
E-OIR Measurements, Inc. Minneapolis, MN 55421-1498
ATTN: Russ Moulton
PO Box 1240 1 FMC Corporation
Spotsylvania, VA 22553-1240 Northern Ordnance Division

ATTN: M3-11, Barry Brown
ERIM 4800 East River Road
ATTN: Stephen R. Stewart Minneapolis, MN 55421-1498
Exploitation Applications Department
Image Processing Systems Division 6 FMC Corporation
PO Box 8618 Ordnance Engineering Division
Ann Arbor, MI 48107-8618 ATTN: H. Croft

M. Hatcher

USA ETL/IAG L. House
ATTN: Jim Campbell J. Jackson
Bldg 2592, Room S16 E. Maddox
Ft. Belvoir, VA 22060-5546 R. Musante

1105 Coleman Ave, Box 1201

FMC Corporation San Jose, CA 95108
ATTN: Sidney Kraus
1105 Coleman Ave, Box 1201
San Jose, CA 95108
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GE Aircraft Engines 2 General Motors Corporation
ATTN: Dr. Roger B. Dunn Research Laboratories
One Neumann Way, MD J185 ATTN: J. Boyse

Cincinnati, OH 45215-6301 R. Sarraga
Warren, MI 48090

General Atomics
ATTN: Chester J. Everline, 1 Allison Gas Turbine Division

Staff Engineer General Motors Corporation
P.O. Box 85608 ATTN: John A. MacBain, Ph.D., Supervisor

San Diego, CA 92138-5608 Low Observables Technology
P.O. Box 420, Speed Code W-16

General Dynamics Indianapolis, IN 46206-0420
ATTN: Dr. Fred Cleveland
P.O. Box 748 1 Gettysburg College
Mail Zone 5965 Box 405
Ft. Worth, TX 76101 Gettysburg, PA 17325

General Dynamics Land Systems 1 GTRI-RAIL-MAD
ATTN: MZ-4362055, Gary Jackman ATTN: Mr. Joe Bradley

P.O. Box 2074 CRB 577
Warren, MI 48317 Atlanta, GA 30332

3 General Dynamics Corporation 1 Hughes Associates
ATTN: MZ-2650, Dave Bergman ATTN: J. Thomas Hughes

MZ-2860, John Romanko 6770 Oak Hall Ln #125
MZ-2844, Cynthia Waters Columbia, MID 21045-4768

PO Box 748
Ft. Worth, TX 76101-0748 2 INEL/EG&G

Engineer Lab
General Dynamics Land Systems ATTN: Ray Berry
ATTN: Dr. Paulus Kersten M. Marx Hintze
P.O. Box 2074 PO Box 1625
Warren, MI 48317 Idaho Falls, ID 83451

General Dynamics Land Systems I Interactive Computer Graphics Center
ATTN: William M. Mrdeza Rensselear Polytechnic Inst.
PO Box 2074 ATTN: M. Wozny
Warren, MI 48317 Troy, NY 12181

5 General Dynamics Land Systems 1 International Development Corporation

ATTN: Richard Auyer ATTN: Trevor 0. Jones, President
Otto Renius One Cleveland Center, Suite 2900

N. S. Sridharan 1375 East Ninth Street
Dean R. Loftin Cleveland, OH 44114-1724
Dr. Phil Lett

PO Box 2074
Warren, MI 48090-2074
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Intergraph 2 Lincoln Laboratory
National Exploitation Systems MIT
ATTN: John H. Suter ATTN: Dr. Robert Shin
2051 Mercator Drive Dr. Chuck Burt
Reston, VA 22091-3413 P.O. Box 73

Lexington, MA 02173
ISAT
ATTN: Roderick Briggs 3 Lincoln Laboratory
1305 Duke Street MIT
Alexandria, VA 22314 Surveillance Systems Group

ATTN: R. Barnes
ITT Defense G. Knittel
ATTN: Joseph Conway J. Kong
1000 Wilson Blvd. 244 Wood Street
30th Floor Lexington, MA 02173-0073
Arlington, VA 22209

3 Lockheed-California Company
Joint Technical Coordinating Group ATTN: C. A. Burton
ATTN: Philip Weinberg R. J. Ricci
JTCG/AS5 M. Steinberg
AIR-516J5 Burbank, CA 91520
Washington, DC 20361-5160

1 Lockheed Palo Alto Research Lab
California Institute of Technology ATTN: John A. DeRuntz, Jr.
Jet Propulsion Laboratory 0/93, B/251
ATTN: D. Lewis 3251 Hanover Street
4800 Oak Grove Drive Palo Alto, CA 94304
Pasadena, CA 91109

1 Logistics Management Institute
Kaman Sciences Corporation ATTN: Edward D. Simms Jr.
ATTN: Timothy S. Pendergrass 6400 Goldsboro Road
600 Boulevard South, Suite 208 Bethesda, MD 20817-5886
Huntsville, AL 35802

1 Los Alamos Technical Associates, Inc.
Ketron, Inc. ATTN: Jon Davis
ATTN: Robert S. Bennett 6501 Americas Parkway, #900
901 Dulaney Valley Rd, Suite 220 Albuquerque, NM 87110
Baltimore, MD 21204-2600

2 Los Alamos Technical Associates, Inc.
Keweenaw Research Center ATTN: James C. Jacobs
Michigan Technological Donald M. Lund

University 8550 Arlington Boulevard
ATTN: Bill Reynolds Suite 301
Houghton, MI 49931 Fairfax, VA 22031

Lanxido Armor Products I LTV Aerospace and Defense Company
ATTN: Dr. Robert A. Wolffe ATTN: Daniel M. Reedy
Tralee Industrial Park PO Box 655907
Newark, DE 19711 Dallas, TX 75265-5907
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3 Martin Marietta Aerospace 2 NFK Engineering, Inc.
ATTN: MP-113, Dan Dorfman ATTN: Dr. Michael P. Pakstys

MP-433, Richard S. Dowd Justin W. Held
MP-243, Thomas (. D'Isepo 4200 Wilson Blvd.

PO Box 555837 Arlington, VA 22203-1800
Orlando, FL 32855-5837

1 NFK Engineering, Inc.
Maxwell Laboratories, Inc. ATTN: John J. Turner
ATTN: Dr. Michael Holland 1125 Trotting Horse Lane
8888 Balboa Avenue Great Falls, VA 22066
San Diego, CA 92123-1506

1 NASA-Ames Research Center
McDonnell Douglas Astronautic ATTN: Dr. Alex Woo
ATTN: Nikolai A. Louie Mail Stop 227-2
5301 Bolsa Avenue Moffett Field, CA 94035-1000
Huntington Beach, CA 92647

1 NASA-Ames Research Center
McDonnell Douglas, Inc. ATTN: Leroy Presley
ATTN: David Hamilton Mail Stop 227-4
PO Box 516 Moffett Field, CA 94035-1000
St. Louis, MO 63166

1 NAVIR DEVCON
McDonnell Douglas, Inc. ATTN: Frank Wenograd
ATTN: Alan R. Parker Code 6043
3855 Lakewood Blvd., MC 35-18 Walminstor, PA 18974
Long Beach, CA 90846

1 North Aircraft
Micro Electronics of North Carolina ATTN: Dr. Athanosis Varvatsis
ATTN: Gershon Kedem Mail Zone 3622/84
PO Box 12889 1 Northrop Ave
Research Triangle Park, NC 07709 Hawthorne, CA 90250

I MIT 1 Northrop Research and Technology Center
ATTN: Dr. S. Benton ATTN: Dr. David Donovan Garber
RE15-416 One Research Park
Cambridge, MA 02139 Palos Verdes Peninsula, CA 90274

6 The MITRE Corporation 1 Norton Company
ATTN: Mr. Edward C. Brady, Vice President ATTN: Ronald K. Bart

Dr. Robert Henderson I New Bond Street
Dr. Nicklas Gramenopoulos Worcester, MA 01606-2698
Dr. Narayana Srinivasan
Mr. Norman W. Huddy 1 The Oceanus Company
Dr. John M. Ruddy ATTN: RADM Robert H. Gormley,

7525 Colshire Drive (Ret)
McLean, VA 22102-3184 PO Box 7069

Menlo Park, CA 94G26
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Oklahoma State University 1 Sachs/Freeman Associates, Inc.
College of Engineering, Architecture ATTN: Donald W. Lynch

and Technology Senior Research Physicist
ATTN. ThotLL. M. Broder, Jr. 205 Yoakum Parkway, #511
PO Box 1925 Alexandria, VA 22304
Eglin AFB, FL 32542

1 SAIC
Pacific Scientific/Htl Division ATTN: Dr. Alan J. Toepfer
ATTN: Robert F. Aldrich 2109 Air Park Drive, SE
1800 Highland Avenue Albuquerque, NM 87106
Duarte, CA 91010

1 SAIC
Perceptronics, Inc. ATTN: John H. McNeilly,
ATTN: Dean R. Loftin Senior Scientist
21111 Erwin Street 1710 Goodridge Drive
Woodland Hills, CA 91367 McLean, VA 22102

Princeton University 2 SAIC
Mathematics Department ATTN: Terry Keller

Fine Hall Robert Turner
Washington Road Suite 200
ATTN: John Tukey 1010 Woodman Drive
Princeton, NJ 08544-1000 Dayton, OH 45432

PRI, Inc. I SAIC
ATTN: W. Bushell ATTN: David R. Garfinkle
Building E4435, Second Floor Malibu Canyon Business Park
Edgewood Area-APG, MD 21010 26679 W. Agoura Road, Suite 200

Calabasas, CA 91302
Rockwell International Corporation
ATTN: Dr. H. Bran Tran 2 George Sharp Company
P.O. Box 92098 ATTN: Dennis M. MeCarley
Department 113/GBOI Roger 0. Mau
Los Angeles, CA 90009 2121 Crystal Drive

Suite 714
Rome Air Development Center Arlington, VA 22202
ATTN: RADC/IRRE, Peter J. Costianes
Griffis Air Force Base, NY 13441-5700 1 Sidwell-Ross and Associates, Inc.

ATTN: LTG Marion C. Ross,Rome Air Development Center (USA Ret)
RADC/OCTM Executive Vice President
ATTN: Edward Starczewski PO Box 88531
Building 106 Atlanta, GA 30338
Griflis Air Force Base, NY 13441-5700

1 Sigma Research Inc.S-Cubed ATTN: Dr. Richard Bossi
ATTN: Michael S. Lancaster 4014 Hampton Way
1800 Diagonal Road, Suite 420 Kent, WA 98032
Alexandria, VA 22314
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Simula, Inc. 1 Princeton University
ATTN: Joseph W. Coltman ATTN: Dr. Curt Callen
10016 South 51st Street Physics Department
Pheonix, AZ 85044 PO Box 708

Princeton, NJ 08544
SimTech
ATTN: Dr. Annie V. Saylor 1 University of California, San Diego
3307 Bob Wallace Ave., Suite 4 ATTN: Dr. Gordon J. MacDonald
Huntsville, AL 35807 Institute on Global Conflict

and Cooperation (0518)
Alan Smolen and Associates, Inc. 9500 Gilman Drive
ATTN: Alan Smolen, President La Jolla, CA 92093-0518
One Cynthia Court
Palm Coast, FL 32027-8172 3 Structural Dynamics Research

Corporation (SDRC)
3 Southwest Research Institute ATTN: R. Ard

ATTN: Martin Goland W. McClelland
Alex B. Wenzel J. Osborn
Patrick H. Zabel 2000 Eastman Drive

P.O. Drawer 28255 Milford, OH 45150
San Antonio, TX 78228-0255

1 Syracuse Research Group
3 Sparta, Inc. ATTN: Dr. Chung-Chi Cha

ATTN: David M. McKinley Merrill Lane
Robert E. O'Connor Syracuse, NY 13210
Karen M. Rooney

4901 Corporate Drive 1 System Planning Corporation
Huntsville, AL 35805-6201 ATTN: Ann Hafer

1500 Wilson Blvd
SRI International Arlington, VA 22209
ATTN: Donald R. Curran
333 Ravenswood Ave. I S-Cubed
Menlo Park, CA 94025 ATTN: Robert T. Sedgwick

PO Box 1620
Star Laboratory, Stanford University La Jolla, CA 92038-1620
ATTN: Dr. Joseph W. Goodman
Electrical Engineering Department 2 TASC
233 Durand Building ATTN: Richard E. Kinsler
Stanford, CA 94305-4055 Darrell James

1992 Lewis Turner Boulevard
University of Michigan Ft. Walton Beach, FL 32548-1255
ATTN: Dr. John F. Vesecky
2212 Space Research Blvd. I TASC
Ann Arbor, MI 48109-2143 ATTN: COL James Logan (Ret)

1101 Wilson Blvd.
Suite 1500
Arlington, VA 22209
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COLSA, Inc. University of Illinois at Chicago
ATTN: Mr. Willy Albanes Communications Laboratory
P.O. Box 1068 ATTN: Dr. Wolfgang-M. Boeruer
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